To test the hypothesis that a Th2 response to Helicobacter pylori is necessary for protection and to address the possibility that humoral and Th2 cellular responses may compensate for each other, we generated mice deficient in both interleukin-4 (IL-4) and antibodies. The immunized double-knockout mice were protected from H. pylori challenge, as were the parental strains and wild-type C57BL/6 mice. Neutralization of IL-4 in B-cell-deficient mice did not prevent protection. Immunized IL-5-deficient mice were also protected. Thus, IL-4 and IL-5 are not essential for protection.
Helicobacter pylori is a gram-negative curved bacterium that colonizes the human stomach. Infection can lead to gastritis, peptic ulcer disease, and gastric cancer (6, 39, 47) . Although the natural immune response in patients rarely eliminates infection, mice immunized against H. pylori can clear or greatly reduce their bacterial load (10, 16, 26, 40) . The requirement of major histocompatibility complex class II for protection in mice implies a role for CD4 ϩ T cells (12) , but the exact mechanism of bacterial clearance in mice is unknown.
Gastric inflammation in H. pylori-infected patients is characterized by production of interleukin-1␤ (IL-1␤), IL-6, IL-12, tumor necrosis factor alpha, and gamma interferon (IFN-␥) (3, 11, 32, 49) , and the adjuvants commonly used in mice polarize to a Th2 response (34) , suggesting that a Th1 response leads to disease (13, 23) and a Th2 response promotes protection (10) . Some data from the mouse-Helicobacter felis model appear to support this hypothesis. BALB/c mice that are predisposed to a Th2 response showed little inflammation when infected with H. felis, while C57BL/6 mice with a Th1 predisposition developed severe gastritis (37, 42) . In vivo neutralization of IFN-␥ reduced inflammation in infected C57BL/6 mice (35) , and adoptive transfer of a Th2 cell line specific for H. felis enabled C57BL/6 mice to reduce their bacterial load (36) . Also, immunized IL-4-deficient mice were not protected from H. felis infection (F. J. Radcliff, A. J. Ramsay, and A. Lee, abstr., Gastroenterology 110(Suppl.): A997, 1996) . Finally, in a therapeutic immunization study using H. felis-infected BALB/c mice, a decrease in bacterial colonization was associated with increased production of IL-4 by CD4 ϩ spleen cells stimulated in vitro (43) . Collectively, these studies suggested that IL-4 production was important for protection, but most of the evidence was indirect.
In contrast, analysis of stomachs from protected immunized mice did not demonstrate elevated levels of mRNA for Th2 cytokines (IL-4, IL-5, and IL-13) at 4 weeks after challenge (15) . Thus, if IL-4 were required for protection, it would most likely be effective during the induction phase of the immune response. The fact that mice lacking antibodies are protected by immunization from Helicobacter infection (5, 12, 45) suggests that the putative Th2 response is cellular rather than humoral. We also considered the possibility that clearance mechanisms may be redundant and that either a humoral response or a Th2 cellular response could reduce bacterial load. To determine whether IL-4 is necessary for protection in the absence of antibodies, we generated mice genetically deficient in production of both IL-4 and antibodies. We also neutralized IL-4 in vivo in MT mice. Finally, mice deficient in IL-5 (IL-5 knockout [KO]) were immunized and challenged.
Generation of mice lacking both IL-4 and antibodies. Mice genetically deficient in both IL-4 and antibodies (double knockout [DKO]) were generated by breeding female C57BL/ 6-Igh-6 tm1Cgn mice (MT) (25) (Jackson Laboratory, Bar Harbor, Maine) with male C57BL/6J-Il4 tm1Cgn mice (IL-4 KO) (29) (Jackson Laboratory). All procedures involving mice were approved by the Institutional Animal Care and Use Committee of Case Western Reserve University. Mice were specific pathogen free, housed in autoclaved static microisolator cages, and provided with water and sterile Teclad chow ad libitum. Pairs of the F 1 offspring, heterozygous for both chain (chromosome 12) and IL-4 (chromosome 11), produced 295 F 2 pups, which were typed by using genomic DNA from tail tips (15) . Two PCRs per mouse were performed (14) . Primers to distinguish the disrupted and wild-type (WT) genes were designed with the program Amplify (University of Wisconsin, Madison, Wis.) and the sequence of genomic Igh-1a (GenBank accession no. 202416). The primers TCCGTCTAGCTTGAG CTATTA and ACAGTGTGAATTGCTGT flanked the M1 exon, which is disrupted in MT mice (25) , and amplified a 360-bp product from the wild-type gene and sometimes an ϳ1,200-bp product from the disrupted gene. The neomycin primer TCAGGACATAGCGTTGGC (IMR079 [www.jax .org/resources/documents/imr/protocols/]) primed within the insert to produce a 400-bp product from the disrupted gene. Primer sequences used to identify the IL-4 genotype of the F 2 mice were obtained from the Jackson Laboratory web site.
IMR077 and IMR078 amplified a 446-bp product from the wild-type IL-4 gene, and IMR078 and IMR079 produced a 576-bp product from the disrupted gene.
A total of 27 DKO, 16 MT, 20 IL-4 KO, and 21 WT F 2 mice were obtained. The distribution of genotypes fit the predicted Mendelian ratio for a double heterozygous breeding ( square analysis not shown). Breeding pairs of DKO, MT, IL-4 KO, and WT F 2 mice generated additional mice for the immunization challenge experiments.
Phenotype confirmation of DKO mice. The phenotypes of representative DKO mice were verified by attempting to detect antibodies in the serum and IL-4 from stimulated splenocytes. Splenocytes (5 ϫ 10 6 cells per ml) from five DKO and three WT mice were incubated for 72 h in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL) containing 10% fetal bovine serum (FBS) (Gibco BRL), 20 g of gentamicin per ml (Gibco BRL), 2.0 mM L-glutamine (Gibco BRL), 0.1 mM minimal essential medium (MEM) nonessential amino acids (Gibco BRL), and 50 M 2-mercaptoethanol (Sigma, St. Louis, Mo.) Ϯ concanavalin A (Vector Laboratories, Burlingame, Calif.) at 4 or 8 g/ml. For detection of IL-4, media with 4 g of concanavalin A per ml also contained anti-mouse IL-4 receptor antibody (anti-IL-4R) (M1; Immunex, Seattle, Wash.) at a final concentration of 5 g/ml to prevent IL-4 sequestration by soluble receptors (4). The supernatants were assayed for IL-4 and IFN-␥ by enzyme-linked immunosorbent assay (ELISA) with antibody pairs and standards purchased from BD-Pharmingen (San Diego, Calif.) (21) .
No IL-4 was detectable in supernatant from DKO splenocytes. WT splenocytes produced both IL-4 (0.82 Ϯ 0.19 ng/ml [mean Ϯ standard error]) in the presence of anti-IL-4R) and IFN-␥ (2.56 Ϯ 0.24 and 7.56 Ϯ 0.25 ng/ml when stimulated with 4 and 8 g of concanavalin A per ml, respectively). The DKO splenocytes produced more IFN-␥ (5.67 Ϯ 1.69 ng/ml) than WT splenocytes at the lower concentration of concanavalin A, but the higher concentration of concanavalin A increased production of IFN-␥ by DKO cells only slightly (6.78 Ϯ 1.62 ng/ml). The spleens of DKO mice were smaller than those of WT mice and yielded fewer splenocytes (11 to 35 million cells per mouse) than WT spleens (115 to 139 million cells per mouse).
Endpoint titers (16) for total serum immunoglobulin G (IgG) were measured on plates coated with goat anti-mouse Ig (Southern Biotechnology, Birmingham, Ala.). Antibodies were not detectable in sera from DKO and MT mice, but were present at titers of 10 Ϫ4 to 10 Ϫ5.5 in naive IL-4 KO and WT mice. Bacteria and bacterial products. H. pylori Sydney strain (SS1) (31) cells were cultured on Columbia agar containing 7% horse blood in a microaerophilic environment as described previously (16) . Soluble sonicate made from plate-cultured H. pylori was used for all immunizations (15) . Liquid cultures of H. pylori were passaged in vitro no more than four times before challenge, and H. pylori was isolated from stomachs on plates containing antibiotics that suppress the growth of gastric flora (16) .
Protection against H. pylori in immunized mice lacking IL-4 and/or antibodies. Two immunization challenge experiments were performed with the F 2 and F 3 mice with five to eight mice of each strain per treatment group. The three treatments were as follows: unimmunized but not challenged (U/NC), immunized and challenged (I/C), and unimmunized and challenged (U/C). Mice were immunized intranasally four times at weekly intervals with 100 g of H. pylori sonicate mixed with 5 g of cholera toxin (CT) and challenged with Ͼ10 7 CFU of H. pylori 2 weeks after the final immunization (16) . Four weeks after challenge, a strip from the greater curvature of the stomach was fixed in 10% buffered formalin for histology, and half of the remaining glandular stomach was cultured quantitatively (16) . Bacterial load was expressed as log CFU per gram of stomach tissue. Challenged mice that were culture negative were assigned a value of 1 CFU/g in order to calculate the log CFU per gram and geometric means. No H. pylori colonies were detected in any negative control (U/NC) mice.
The mean bacterial load for each group of mice is shown in Fig. 1 A. For these studies, we have defined protection as a reduction in bacterial load of at least 2 logs (99% decrease) from the colonization in U/C mice of the same genotype (15, 16) . By this criterion, the I/C groups of all strains, DKO, IL-4 KO, MT, and WT, were protected in both experiments (Fig.  1A) . Comparisons between groups were made by analysis of variance with StatView 4.5 (Abacus, Berkeley, Calif.) with Fisher's protected least significant difference as the post hoc test. In both experiments, the colonization of each I/C group was significantly less than that of its respective U/C group (P Ͻ 0.01), and the bacterial loads in the I/C groups of DKO and MT mice were not different from the colonization in the I/C group of WT mice. In the first experiment, the colonization in the I/C IL-4 KO group was higher than that in the I/C DKO and the I/C MT groups (P Ͻ 0.05), but it was not different from that in the I/C WT group. In the second experiment, there were no significant differences in mean colonization among the I/C groups. In both experiments, the U/C groups were not different from one another. These results indicate that IL-4 is not necessary for protection and suggest that IL-4 does not influence the bacterial load in C57BL/6 mice. In addition, protection in the DKO mice demonstrates that protection in mice lacking IL-4 is not dependent on antibodies and protection in mice lacking antibodies is not dependent on IL-4.
In contrast to our findings, others have found impaired mucosal immune responses, both humoral and T-cell mediated, in IL-4 KO mice (38, 46) . The impaired T-cell responses in IL-4 KO mice were attributed to lack of germinal center development in the Peyer's patches (46) , and it is possible that intranasal immunization may be more effective than intragastric immunization in IL-4 KO mice because the induction site is in the upper respiratory mucosa rather than in Peyer's patches (30) .
Gastritis in mice without IL-4 and/or antibodies. Histologic grading was performed by one pathologist (C.A.G.) on sections stained with hematoxylin and eosin using a scale from 0 to 5 (16) . In both experiments, the mean gastritis scores of the I/C mice were not significantly different from those of the U/C mice of the same genotype (Fig. 1B) . In the first experiment, the mean gastritis score in the I/C WT group was higher than that in the I/C MT group (P ϭ 0.0175), but in the second experiment, the I/C groups of the four strains were not significantly different from one another. Within each strain, both challenged groups had significantly more inflammation than the respective U/NC group, and within each experiment, the U/NC groups were not different from one another. These gastritis results were consistent with the 4-week time point in our kinetic study (16) . The peak gastritis in the kinetic study occurred 1 to 2 weeks after challenge in immunized mice, but time points earlier than 4 weeks were not studied for the DKO, IL-4 KO, and MT mice, because our main interest was the reduction of bacterial load, which was greater at 4 weeks than at 2 weeks (16).
Within each group of challenged mice, inflammation varied from mild to moderate or severe (Fig. 1 B) . The inflammatory infiltrate comprised neutrophils, macrophages, plasma cells, eosinophils, and lymphocytes, as described previously (16), and did not appear to differ qualitatively among the different genotypes. Since the ranges of inflammation in each treatment group were similar for the four strains and the mean gastritis scores of the groups lacking IL-4 were not different from those of the WT groups, IL-4 did not appear to play a role in the severity of H. pylori-induced gastritis.
It is noteworthy that the presence or absence of endogenous IL-4 did not alter the level of colonization or severity of the gastric inflammation in our U/C mice. There are conflicting reports concerning Helicobacter colonization and gastritis in mice lacking IL-4. In an H. felis study, IL-4 Ϫ/Ϫ mice had less severe gastric inflammation but heavier colonization than the IL-4-expressing mice of the same genetic background (36) . In contrast, more severe inflammation in IL-4 KO mice than in WT mice was reported 5 weeks after infection with H. pylori (44) . However, our results in U/C IL-4 KO mice are consistent with those of two recent studies. Kamradt Each I/C group had a Ͼ2-log decrease in mean colonization compared to its respective U/C group. ‡, all unchallenged mice H. pylori negative. (B) Gastric inflammation was graded in the worst ϫ10 field on a scale of 0 to 5. The I/C and U/C groups of each strain were not different, but both challenged groups had significantly more inflammation than the respective U/NC group. *, P Ͻ 0.0001; †, P Ͻ 0.001; §, P Ͻ 0.01; ¶, P Ͻ 0.05. (28) , while the mice used in our work were derived from the mutation made by Kühn et al. (29) . Thus, endogenous IL-4 does not have a measurable effect on the ability of H. pylori to colonize or cause gastric inflammation in C57BL/6 mice.
Protection from H. pylori in MT mice after in vivo neutralization of IL-4. One argument against using mice genetically deficient in a specific cytokine to determine the role of that cytokine is that mice lacking a cytokine since birth may have developed alternate pathways not normally used in cytokine-replete mice. As an alternative approach to study the requirement for IL-4 in protection from H. pylori, MT mice were depleted of IL-4 during immunization or during challenge with anti-IL-4 monoclonal antibody. Neutralizing anti-IL-4 and irrelevant isotype control antibodies (clones 11B11 and Y13-259, respectively; American Type Culture Collection, Manassas, Va.) were purified from culture supernatant with a protein G column and tested for antigen specificity by a modified IL-4 ELISA. Three groups of six MT mice were immunized intranasally four times at weekly intervals with 100 g of H. pylori sonicate and 5 g of cholera toxin. Twenty-four hours prior to each immunization, one group received 2 mg of anti-IL-4 intraperitoneally, and one group was treated with the irrelevant rat IgG1. The remaining group of immunized mice was treated with anti-IL-4 24 h before challenge with H. pylori and on postchallenge days 6, 13, and 20. Six unimmunized mice were given the control rat IgG1 during the challenge period. The dose of antibody was based on a study of oral tolerance inhibition (7) and was four times that used in other published studies (20, 41) . Four weeks after challenge, the stomachs were quantitatively cultured as described above.
Each group of immunized MT mice had a mean reduction in bacterial load of Ն2 logs (99% decrease) compared to the U/C mice (P Յ 0.0015) regardless of whether anti-IL-4 was administered during immunization or challenge (Fig. 2) . Neither anti-IL-4-treated group was significantly different from the group that received the control rat IgG during immunization.
Vaccine-induced protection in mice genetically deficient in IL-4 and in IL-4-depleted MT mice indicates that IL-4 is not essential for reduction of bacterial load. Our data are consistent with reports in mice lacking the IL-4 receptor ␣ (IL-4R␣) chain (1, 33) . BALB/c mice deficient in IL-4R␣ and unable to respond to IL-4 and IL-13 had approximately 1-log reductions in H. pylori colonization after immunization with either urease plus cholera toxin or a recombinant Salmonella enterica strain expressing urease (1) . Also, adoptive transfer of H. pylori urease-specific CD4 ϩ T cells into IL-4R␣ Ϫ/Ϫ mice was followed by a reduction of bacterial load that was similar in magnitude to the reduction following transfer of cells into WT BALB/c mice, indicating that signaling by IL-4 and IL-13 was not required for reduction in bacterial load (33) . Finally, a recent report with orally immunized IL-4 KO mice also showed a reduction in bacterial load (2) .
The finding that IL-4 is not required for protection is not irreconcilable with previous studies. CT does induce IL-4 production by splenocytes (34, 48) , but protection of IL-4 Ϫ/Ϫ mice following immunization with CT and sonicate demonstrates that the adjuvant effect of CT is not solely dependent on IL-4 induction. In addition to Th2 cytokines, CT induces IL-2, IFN-␥, and IL-6 (9, 22, 30) . In the therapeutic immunization study by Saldinger et al., the increased IL-4 production by spleen cells was most likely due to the use of CT, but clearance of H. felis, although occurring at the same time, was not necessarily a result of IL-4 production (43) . The fact that IL-4 is not essential for protection does not mean that a Th2 polarized response cannot be protective. The adoptive transfer of a Th2 cell line decreased bacterial load in mice infected with H. felis (36) . Also, mice immunized with H. pylori antigens and alum (AlOH) showed a Th2 response (greater numbers of IL-5-producing T cells than IFN-␥-positive cells) and were protected from H. pylori infection (17) . Mixed Th1 and Th2 responses have elicited protection from H. pylori (18, 19) , and induction of a Th1 response with complete Freund's adjuvant protected mice from both H. pylori and H. felis (17) .
Vaccine-induced protection in IL-5-deficient mice. Although IL-5 is not necessary for the development of a Th2 response, it is secreted by Th2 cells and activated mast cells. Possibly, IL-5 could play a role in vaccination-induced clearance of H. pylori by inducing differentiation and activation of eosinophils. IL-5-deficient mice have low basal levels of eosinophils, but they failed to develop eosinophilia when infected with a helminth parasite (27) . To study the requirement for IL-5 in H. pylori clearance, we immunized and challenged IL-5 KO mice donated by Eric Pearlman (Case Western Reserve University). Since the IL-5 KO mice were evaluated at the same time as IFN-␥ KO and IL-12 KO mice in a related study, they share the same WT controls previously reported (15) . Mice lacking IL-5 were protected by intranasal immunization (Fig. 3 A) . The mean bacterial load in the I/C IL-5 KO mice was Ն2 logs lower that of the U/C IL-5 KO mice (P ϭ 0.0005). In the same experiment, WT mice were also protected by immunization (P Ͻ 0.0001). The bacterial load in the U/C IL-5 KO mice was higher than that in corresponding U/C WT group, and the colonization in the I/C IL-5 KO mice was higher than the level in the I/C WT group (P ϭ 0.0014). One possible explanation for higher colonization in IL-5 KO mice than in WT mice is that endogenous IL-5 may suppress colonization. However, genetic background can influence colonization, and the WT mice were from Harlan (Indianapolis, Ind.), while the IL-5 KO mice were derived from C57BL/6 mice in Germany and had been interbred for many generations. The fact that immunized IL-5 KO mice reduced their bacterial load by Ͼ2 logs indicates that IL-5 is not essential for protection, although it could still play a roll. The mean gastritis scores of the I/C and U/C treatment groups were not statistically different (Fig. 3B) . Also, challenged IL-5 KO and WT mice did not have significantly different levels of gastric inflammation, but both had more inflammation than U/NC mice. Eosinophils were counted at the corpus-antrum junction in hematoxylin-and-eosin-stained sections (data not shown). Within each treatment group, the IL-5 KO mice had fewer eosinophils than the WT mice. The number of eosinophils correlated more closely with the level of inflammation than with the bacterial load, but for similar gastritis scores or similar reductions in bacteria, WT mice had five-to sixfold more eosinophils than IL-5 KO mice. These results demonstrated that IL-5 was not essential for development of gastritis and suggested that eosinophils were not major effector cells in H. pylori clearance.
In summary, many immunization regimens can induce protection against H. pylori in mice. The mechanism of protection remains unknown. Here we have demonstrated that a Th2 response is not necessary for protection and that protection in the absence of IL-4 is not dependent on antibodies or vice versa. In related studies, we have found that proinflammatory cytokines are associated with protection and that IL-12 p40 appears to be important in the development of protective immunity (15) . Hopefully, elucidation of the mechanisms of protection and identification of effector cells in the mouse model may yield clues for modulating the nonprotective immune response in human H. pylori infection. 
